Abstract We have examined long-term changes in Earth's energy flows at top of the atmosphere (TOA) and at Earth's surface (land and ocean) by using 228-year simulation of a high-resolution global atmosphere model, MRI-AGCM3.2. It is found that the net downward short wave (SW) radiation (absorbed solar radiation, ASR) at TOA significantly increases during twenty-first century in agreement with a previous study. However, in the present study, the reason for the change is an increase in clear sky SW absorption by increased water vapor in the atmosphere, while it is a decrease in cloud amount in the previous study. It is also found that the long wave (LW) cloud radiative forcing for atmosphere is positive and increasing during twenty-first century in agreement with a previous study. The reason for the change in the present study is an increase in absorption by water vapor of the downward LW radiation emitted from clouds, while it is reductions of cloud amount in the middle troposphere in the previous study.
Introduction
The issue of how the radiative forcing induced by increased greenhouse gases (GHG) and aerosols changes the Earth's energy flows is one of the most important issues to understand the recent and future climate change. Trenberth and Fasullo (2009) (hereafter TF09) examined long-term changes in the Earth's energy flows at top of the atmosphere (TOA) by using Third Coupled Model Intercomparison Project (CMIP3) models. They found that the absorbed solar radiation (ASR) will significantly increase during twenty-first century under the A1B emission scenario mainly due to decreasing cloud amounts. They further pointed out that there is a large uncertainty in the projected changes in energy flow due to the large uncertainty in the clouds in the CMIP3 models.
The change in energy flows at TOA is the change in energy input to the atmosphere and Earth's surface (land and ocean). Another important issue is how this energy input is partitioned into the atmosphere and the Earth's surface. Particularly, the global hydrological cycle is expected to be strongly affected by the change in energy input to the atmosphere. The global precipitation is constrained by the energy balance of the atmosphere rather than the availability of moisture (Mitchell et al. 1987; Stephens et al. 1994; Allen and Ingram 2002; Sugi and Yoshimura 2004) . It has been shown that the global precipitation will increase but the tropical circulation will become weaker in the future due to global warming (Sugi et al. 2002; Held and Soden 2006; Vecchi and Soden 2007) .
Stephens and Ellis (2008) (hereafter SE08) examined the long-term change in global precipitation in CMIP3 models. They found that global precipitation efficiency is reduced by a negative cloud radiative heating feedback through reduction of cloud amount in the middle troposphere. To examine the change in atmospheric energy budget, we need to know the changes in energy flows at the Earth's surface as well in addition to the changes at TOA. In the present study, we examine the long-term changes in Earth's energy flows not only at TOA and but also at the Earth's surface by using a long-term simulation of a high-resolution global atmosphere model to study the long-term changes in atmospheric energy budget.
High-resolution models (horizontal resolution of about 100 km or higher) have been extensively used in some climate change studies, particularly in the studies of the climate change impact on tropical cyclones. One interesting finding regarding the tropical cyclone and climate change is a reduction of global tropical cyclone (TC) frequency in a future GHG warmed climate (Bengtsson et al. 1996; Sugi et al. 2002) . Later, this reduction of TC frequency has been confirmed by many high-resolution model studies (Knutson et al. 2010 ). An interesting but yet disputable issue is the reason for the global TC reduction. Sugi et al. (2002) argued that the reduction of global TC frequency is closely related to a weakening of tropical circulation.
If the changes in tropical circulations are closely related to the change in global atmospheric energy budget, and if the changes in clouds significantly affect the change in atmospheric energy budget, then the uncertainty in the clouds among the various models may be responsible for the uncertainty in the changes in tropical circulations. In this regard, we are concerned about how the uncertainty in clouds in a model may affect the energy budget of the atmosphere. In the present study, therefore, we examine the role of clouds in terms of cloud radiative forcing (CRF) at TOA and at the surface.
A brief description of the high-resolution model and the long-term simulation is given at Sect. 2. The evolution of global mean energy fluxes at TOA and the Earth's surface, and the atmospheric heating due to the convergence of the energy fluxes, as well as the evolution of global mean CRFs are presented in Sect. 3.
Global annual maps of the energy fluxes and CRFs are presented in Sect. 4, followed by discussion and conclusion in Sects. 5 and 6, respectively.
Model and Simulation
The model we used for the 228-year simulation is a high-resolution (horizontal grid size of 60 km) version of the new Meteorological Research Institute (MRI) Atmospheric General Circulation Model, MRI-AGCM3.2 (Mizuta et al. 2012) . The model has 64 levels in the vertical with top at 0.01 hPa. The model was developed from the Japan Meterological Agency (JMA) Global Numerical Weather Prediction (NWP) Model (JMA, 2007) and shares many physical process subroutines, such as radiation scheme, PBL scheme, land surface scheme, and so on, with the NWP model, but some new physics schemes are incorporated. For MRI-AGCM3.2, we employed a new cumulus convection scheme developed by H. Yoshimura based on Tiedtke (1989) (Yukimoto et al. 2011 ). This convection scheme considerably improved the climatology of tropical convections. For the stratiform cloud scheme, Tiedtke (1993) cloud scheme is used. In this cloud scheme, cloud water and cloud amount are the prognostic variables. We do not use the subtropical marine stratocumulus scheme (Kawai and Inoue 2006) used in JMA NWP model. The direct effect of aerosols is calculated in the MRI-AGCM3.2, but indirect effect of aerosols is not considered in the present simulation.
The 228-year simulation was conducted using the 60-km resolution version of the MRI-AGCM3.2 with prescribed sea surface temperature (SST) and atmospheric concentration of greenhouse gas (GHG) including CO 2 and aerosols. For the years from 1873 to 2003, the observed SST and sea-ice (HadISST1, Rayner et al. 2003) and observed GHG concentration (NASA, 2004) Table 1 shows the simulated global mean energy flux components at TOA and the Earth's surface, averaged over 20-year period at the end of nineteenth, twentieth, and twenty-first century. The simulated energy fluxes at the end of twentieth century are generally in good agreement with observations ). One of the largest differences between the simulation and observation is seen in the latent heat flux at the surface. The simulated value of latent heat flux is 85.6 W m -2 (corresponding to global mean precipitation of 2.95 mm/day), which is considerably larger than the value 80 W m -2 (precipitation of 2.76 mm/day) estimated from observation. We have also noted some systematic biases in the simulation of radiation fluxes at TOA (Figures not shown) . The net downward short wave radiation (ASR) shows a distinct negative bias over the tropical ocean and positive bias at high latitudes, particularly over the southern oceans. These systematic biases in ASR are very similar to those of CMIP3 models (Trenberth and Fasullo 2010) .
It should be noted that the 228-year simulation was not originally designed for the present study, and the experimental design may not be most suitable to study the changes in Earth's energy flows and clouds. However, the simulation provides us with a good opportunity to examine the long-term changes in Earth's energy flows and role of clouds in detail by using a high-resolution state-of-the-art atmospheric model. Figure 1 shows the changes from the end of nineteenth century in global annual mean downward energy fluxes at TOA and at the Earth's surface (land and ocean) and net heating of the atmosphere. Figure 1a shows the changes in downward energy fluxes at TOA. The net downward short wave (SW) radiation (ASR) changes very little during twentieth century and then increases at a rate about 2 W m -2 /100 years toward the end of twenty-first century. During the period from 1970 to 2020, the net downward long wave (LW) radiation at (-OLR) is larger than nineteenth century by about 0.7 W m -2 due to the increased greenhouse gases (GHG). Then, it decreases (i.e., OLR increases) toward the end of twenty-first century, as the temperature of the Earth's surface and atmosphere increases. From 1970 and afterward toward the end of twenty-first century, the net downward radiation at TOA (R T ) is about 0.7 W m -2 larger than that of nineteenth century, indicating a continuous warming of the Earth. Generally, the changes in ASR, -OLR, and R T shown in Fig. 1a agree well with the changes of them shown in TF09 for CMIP3 models. Figure 1b shows the changes in downward energy fluxes at surface. From 1980 and afterward, the downward LW radiation and the upward LH flux significantly increase. These two flux changes basically balance each other. There is a small decrease in downward SW radiation, which is almost balanced by the decrease in upward sensible heat flux. Note that throughout the twenty-first century the total net downward energy flux at the surface continues to be about 0.7 W m -2 larger than that of nineteenth century, indicating a continuous warming of the Earth's surface. Figure 1c shows the changes in net heating of the atmosphere. During the twenty-first century, there is a significant increase in LW cooling, which is mainly balanced by a significant increase in latent heating. In the atmospheric energy balance, however, the increase in solar heating due to the increase in atmospheric moisture is significant and it is larger than the decrease in SH heating, and it is playing some important role in the atmospheric energy balance. Table 2 shows the globally averaged CRF at TOA and Earth's surface and for the atmosphere, averaged over 20-year period at the end of nineteenth, twentieth, and twentyfirst century. CRF represents the cloud effect on radiation and is defined as the difference between net downward radiation with cloud (R) and net downward clear sky radiation (CSR).
Evolution of the Global Annual Mean Energy Fluxes
In the model, R and CSR are calculated at each grid point by a double call to the radiation routine with and without clouds. In this calculation, the same water vapor profile is used for R and CSR, and the water vapor effect of clouds is included as a part of cloud effect on radiation (Sohn and Bennartz 2008) . Table 2 indicates that SW CRF at TOA is generally negative (cooling of atmosphere and surface), while LW CRF at TOA is generally positive (warming of atmosphere and surface). Table 2 also shows that SW CRF at surface is generally negative (cooling of surface), while LW CRF at surface is generally positive (warming of surface). On the other hand, both SW and LW CRF (cloud effect of radiative heating) for the atmosphere are generally positive (warming of atmosphere). Figure 2 shows the changes from the end of nineteenth century in global annual mean cloud radiative forcing (DCRF) and clear sky radiation (DCSR). Note that the sum of DCRF and DCSR shown in Fig. 2 is equal to the changes in net downward radiation (or radiative heating of atmosphere) DR shown in Fig. 1 . Figure 2a shows the changes in CRF at TOA. During the twenty-first century, the negative SW CRF is increasing, indicating that the cooling effect of clouds is increasing toward the end of twenty-first century. On the other hand, LW CRF at TOA shows a slight decrease during twenty-first century, indicating that the warming effect of clouds is Unit is Wm -2 . The right two columns show the changes from nineteenth century to twentieth century and twenty-first century, respectively SW short wave radiation, LW long wave radiation, NET net radiation, T CRF at top of the atmosphere (TOA), B CRF at bottom of the atmosphere (surface), A CRF for the atmosphere decreasing. Figure 2b shows the changes in CRF at the Earth's surface. SW CRF shows almost the same decrease as the decrease at TOA, while LW CRF shows a much larger decrease than that at TOA. Figure 2c shows the changes in CRF for the atmosphere (CRF at TOA minus CRF at surface), which represents the cloud effect of heating the atmosphere. For SW radiation, as the changes in CRF at TOA and CRF at surface are almost the same, the changes in SW CRF for the atmosphere are very small. On the other hand, for LW radiation, as there is much more decrease in CRF at surface than at TOA, LW CRF for the atmosphere (cloud effect of atmospheric radiative heating) is significantly increasing, and it is playing some important role in the global atmospheric energy balance. The small (c) Fig. 3 Global maps of the changes from nineteenth to twenty-first century in annual mean SW radiation. Unit is W m -2 . a Net downward SW radiation at TOA. b Net downward SW radiation at surface. c Net SW heating of the atmosphere change in SW CRF for the atmosphere and the significant increase in LW CRF for the atmosphere are consistent with the results of SE08. Figure 2d shows the changes in CSR at TOA. During the twenty-first century, the SW CSR shows larger increase compared with the decrease in the SW CRF. This indicates that the change in SW radiation at TOA is dominated by the change in CSR (water vapor effect) rather than the change is CRF (cloud effect). Similarly, the change in LW radiation at TOA is also dominated by the change in CSR (water vapor effect) rather than the change in CRF (cloud effect). Figure 2e shows the changes in CSR at surface. During the twenty-first century, the SW CSR shows only a small increase, while the LW CSR shows a very large increase due to the increased GHG and water vapor. Figure 2f shows the changes in CSR for the atmosphere. Figures 1c and 2c , f indicate that both SW and LW heating of the atmosphere are dominated by CSR. The change in SW cloud effect on the atmosphere is . a Net downward LW radiation at TOA. b Net downward LW radiation at surface. c Net LW heating of the atmosphere very small, while the LW cloud effect of warming of atmosphere is increasing during the twenty-first century. (increase of reflected SW radiation) at the tropical ocean region. This change is a result of the change in clouds (see Fig. 4 ). On the other hand, we can see a significant increase of net downward solar radiation (decrease of reflected solar radiation) at the polar sea-ice region, corresponding to a significant decrease of the sea-ice in twenty-first century. As shown in Fig. 3c , the change in the solar radiation absorbed by the atmosphere is rather uniform and weak positive. This indicates that a more SW radiation is absorbed by the overall increased atmospheric water vapor in twenty-first century. Figure 4a -c shows the changes in SW CRF (a) at TOA, (b) at Earth's surface, and (c) for the atmosphere (cloud effect on SW atmospheric heating). The pattern of the changes in SW CRF at TOA and SW CRF at surface are very similar to each other. As a result, the SW CRF for the atmosphere, which is simply CRF at TOA minus CRF at surface, is generally small, in agreement with the result of SE08. This is because the major SW effect of clouds is reflection of solar radiation, and there is not so much contribution to the atmospheric heating, at least compared with the LW effect of clouds (see Fig. 2c ). The negative SW CRF at TOA and surface is most significantly increasing over the equatorial (a) (b) Fig. 7 Global maps of the changes from nineteenth to twenty-first century in annual mean column total cloud amount and column total cloud water content. a Cloud amount. Unit is %. b Cloud water content. Unit is kg m -2 ocean regions and the polar sea-ice regions. On the other hand, we can see a region in the western North Pacific where the positive SW CRF is significantly increasing. This corresponds to a weakening of convections over this region (see next section for further discussion). Figure 4d -f shows the changes in SW CSR (d) at TOA, (e) at Earth's surface, and (f) absorbed clear sky SW radiation by the atmosphere. In the polar sea-ice regions, as the effect of albedo decrease due to the reduction of sea-ice in summer (Fig. 4d, e) is larger than the effect of SW CRF change (Fig. 4a, b) , the net downward SW radiation is increasing (Fig. 3a, b) . Figure 4f shows a uniform warming of the atmosphere by clear sky SW radiation due to increased water vapor. Figure 5a -c shows global maps of the changes from the end of nineteenth century in the annual mean net downward LW radiation (a) at TOA and (b) at Earth's surface, and (c) absorbed LW radiation by the atmosphere. The pattern of the change is generally in good agreement with that shown by TF09. We can see a decrease in net downward LW at TOA (increase of OLR) in most regions except for tropical oceans and Southern Ocean. The decrease of OLR over the tropical ocean corresponds well to the increase in clouds over the same region (see Fig. 6 ). As shown in Fig. 5b , c, the changes in net downward LW radiation at surface are mostly positive (warming of the surface), and the changes in absorbed LW radiation by the atmosphere are mostly negative (cooling of the atmosphere). These increases in surface warming and atmospheric cooling are simply due to the enhanced greenhouse effect by the increased GHG and water vapor. Note that there are small regions where the change in LW absorption is positive in equatorial Indian Ocean and equatorial western Pacific in Fig. 5c . These regions correspond to the regions where the change in LW cloud effect of warming the atmosphere is increasing (see Fig. 6c) . Figure 6a -c shows the changes in LW CRF (a) at TOA and (b) at surface, and (c) for the atmosphere (cloud effect on LW atmospheric heating). In the low and mid latitudes, LW CRF at TOA is generally decreasing except for equatorial ocean regions, where the LW cloud effect of warming is increasing. It should be noted that the pattern of the changes in LW CRF at TOA is similar (with opposite sign) to that of the changes in SW CRF at TOA (Fig. 4a) , indicating that the changes in both SW and LW CRF at TOA are associated with the changes in clouds (see Fig. 7a ). On the other hand, LW CRF at surface is rather uniformly decreasing (reduction of surface warming) except for the polar region, indicating that the changes in LW CRF at surface is not directly associated with the changes in clouds. This uniform decrease of the LW CRF at surface is probably due to the increased absorption by water vapor of the downward LW radiation emitted from high-and middle-level clouds. In the polar region, where there are not many high-and middle-level clouds, LW CRF at surface is increasing due to the increased low-level clouds. LW CRF for the atmosphere, which is equal to CRF at TOA minus CRF at surface, is generally increasing, with large increase over the equatorial ocean region and some decrease over the western North Pacific, tropical North Atlantic, and Arctic Ocean. This pattern of the changes in LW CRF for the atmosphere is generally in good agreement with SE08. Figure 6d -f shows the changes in LW CSR (d) at TOA, (e) at Earth's surface, and (f) for the atmosphere (absorbed clear sky LW radiation by the atmosphere). Figure 6e , f shows significant increases in warming of the Earth's surface and cooling of the atmosphere due to the enhanced greenhouse effect by the increased GHG and water vapor. Note that the surface warming and atmospheric cooling are particularly large in the tropics where the water vapor increases most significantly.
Global Maps of the Changes in Annual Mean Energy Fluxes

Discussion
The global mean energy flux components at TOA and Earth's surface, averaged over the 20-year period at the end of nineteenth, twentieth and twenty-first century, are shown in Table 1 . The right two columns show the changes from nineteenth to twentieth century and from nineteenth to twenty-first century, respectively. The most significant changes from nineteenth to twenty-first century are the 22.3 W m -2 increase in downward LW flux at surface and 16.3 W m -2 increase in upward LW flux at surface. As a result, the net downward LW flux increases by 6 W m -2 and mostly balanced by the increase in upward LH flux. In the change in energy balance at the surface, the contribution from changes in SW flux and SH flux is small. On the other hand, in the change in energy balance of the atmosphere, the contribution from the increase in SW absorption is significant.
To further examine the role of clouds in the changes in Earth's energy flows, the globally averaged CRF at TOA, Earth's surface and for the atmosphere, averaged over 20-year period at the end of nineteenth, twentieth and twenty-first century, are shown in Table 2 . The magnitude of both the SW CRF and LW CRF reaches up to 10-30% of the respective radiation fluxes, indicating significant roles of clouds in the Earth's energy flows. Generally, SW CRF at TOA and surface is negative (cooling the atmosphere and surface), while LW CRF is positive (warming the atmosphere and surface). However, as shown in Table 2 , both SW and LW CRF for the atmosphere (defined as CRF at TOA minus CRF at surface) are positive (warming the atmosphere).
(a) (b) Fig. 8 Global maps of the changes from nineteenth to twenty-first century in annual mean precipitation and SST. a Precipitation. Unit is mm/day. b SST. Unit is°C Regarding the changes from nineteenth to twenty-first century, we note that SW CRF decreases (negative CRF increases) both at TOA and surface, resulting in small changes in CRF for the atmosphere. On the other hand, LW CRF decreases only a little at TOA but it decreases significantly at surface, resulting in a significant increase (1.4 W m -2 ) in CRF for the atmosphere (warming the atmosphere), which makes a significant contribution to the changes in the atmospheric energy balance. Table 2 indicates that both the changes in globally averaged SW and LW CRF from nineteenth to twenty-first century are negative (cooling of atmosphere and surface is increasing). For SW CRF, this means the cloud effect (cooling) is increasing, but for LW CRF, this means the cloud effect (warming) is decreasing. Are clouds indeed increasing or decreasing in the model? In Fig. 7 , we show the global maps of the changes from the end of nineteenth century in the annual mean column total cloud amount and column total cloud water content. We note that the pattern of the changes in cloud amount (Fig. 7a ) generally agrees well with the pattern of the changes in LW CRF at TOA (Fig. 6a) . The regions where the negative SW CRF is increasing generally correspond to the regions where cloud amount is increasing. However, there are wide areas in mid latitudes where cloud amount is decreasing but negative SW CRF is increasing. In such regions, we can see that cloud water content is increasing. In these areas, the increased cloud water content may increase the reflectivity of clouds and increase the negative SW CRF even though the cloud amount is decreased.
We have seen that both the LW and SW cloud effect increases from nineteenth to twenty-first century over the equatorial ocean region, while they decrease over the western Pacific and tropical North Atlantic. These positive and negative changes are closely related to the changes in activity of tropical convection. The map of changes in precipitation associated with the changes in convective activity is shown in Fig. 8 . In Fig. 8 , the map of changes in SST is also shown. We note that there are large SST increases over the Indian Ocean and central to eastern tropical Pacific (corresponding to a weakening of the cold tongue), while a relatively small SST increase over the western Pacific regions. These figures clearly demonstrate that the distribution of clouds and precipitation associated with convection is dominated by the distribution of changes in relative SST. As we use the SST increase projected by CMIP3 models, it is reasonable that the patterns of the precipitation change, and therefore, the pattern of changes in clouds associated with the tropical convections in our simulation are in good agreement with those projected by CMIP3 models. Indeed, the pattern of the precipitation change shown in Fig. 8 resembles the pattern of the change in precipitation by CMIP3 models (Meehl et al. 2007 ).
Conclusions
We have examined long-term changes in Earth's energy flows at TOA and surface by using the 228-year simulation of a high-resolution atmospheric model, MRI-AGCM3.2. It is found that the net downward SW radiation at TOA (ASR) significantly increases during twenty-first century, while the net downward LW radiation at TOA (-OLR) first increases toward the end of twentieth century then starts decreasing at around year 2020. These changes in ASR and -OLR are generally in good agreement with the changes in CIMIP3 models shown by TF09. The patterns of the changes in the present study in ASR and -OLR and in cloud amount are also similar to those of TF09. However, the reason for the changes, particularly for the change in global mean ASR, is very different. TF09 indicates that the significant increase in ASR at TOA during twenty-first century is mainly due to the reduction of clouds. On the other hand, in the present study, as the negative SW CRF at TOA is increasing, the effect of clouds on SW radiation (CRF) is decreasing ASR, and the main reason for the increase in ASR is the increase in clear sky SW absorption by increased water vapor in the atmosphere. This seems to suggest that the same energy balance could be achieved in different ways in different climate models. The large increase in the absorbed SW radiation by atmospheric water vapor can affect the atmospheric energy balance and in turn the hydrological cycle as well.
In the present study, the changes in both SW and LW CRF are negative and increase toward the end of twenty-first century. This is considered to result from a decrease in cloud amount and an increase in cloud water content. As the changes in global mean SW CRF at TOA and at surface are almost the same, the change in SW CRF for the atmosphere is very small. On the other hand, as the negative change in global mean LW CRF at surface is much larger than that at TOA, the change in LW CRF for the atmosphere is significantly positive. The positive change of LW CRF for the atmosphere is consistent with the result of SE08 for CMIP3 models. Moreover, the pattern of changes in LW CRF for the atmosphere in the present study also resembles that of SE08. However, the reason for the changes may be different. SE08 indicated that the decrease of mid-and low-level cloud amount is the reason for the warming of the atmosphere. On the other hand, we found that LW CRF at surface is uniformly decreasing due to an increased absorption by water vapor of the downward LW radiation emitted from clouds, and this is the reason for the increase in LW CRF for the atmosphere (warming of the atmosphere).
As shown in Meehl et al. (2007) , the change in CRF varies from negative to positive among the models. The long-term changes in energy flows and the role of clouds may be different among the models with different CRF changes. In our model, the change in both SW and LW CRF is negative (cloud feedback is negative). The conclusions of the present study are based on one model with negative cloud feedback, and they may be different in a model with positive cloud feedback. It is important to understand how the models with different cloud representation produce different responses to the GHG forcing. For this purpose, it is recommended to examine the long-term changes in energy fluxes and CRF both at TOA and at surface in various models.
